The photoinduced reorientation of dye molecules in molecular films on solid substrates has been controlled with external dc electric fields, leading to solid state structures, which are macroscopically polar, temporally stable at room temperature, and welldefined at the molecular level. A simulation based on the excitation-driven rotational diffusion of the molecules in the potential of their neighbors yielded a realistic model and indicated a collective character of the process. This shows that we are close to a quantitative comprehension of the molecular interactions within these films.
Introduction
Photoinduced optical anisotropy (POA) has been shown to occur in a number of materials including polymers and Langmuir-Blodgett (LB) films [ 11. In LB films, illumination with unpolarized light led to the decay of the polar order of asymmetrically prepared samples [ 21. This was interpreted as a collective reorientation of chromophores following their optical excitation [ 3, 4] . Here we report the first experiments in which the light-induced reorientation of molecules has been utilized to form macroscopitally polar, stable solid state structures. Two examples for in-plane and for out-of-plane reorientation under the influence of static external fields perpendicular or parallel to the interface will be given, and a model based on the molecular interactions will be presented.
Experimental
The azobenzene derivative, dye 1 is weakly amphiphilic and has its ground state dipole moment, pgr= 7.5 D, directed toward its hydrophilic end:
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Compared to its non-substituted parent molecule, the absorption band with the highest extinction of 1 is shifted from the UV to the visible range of the spectrum (absorption maximum at L z 480 nm) both in organic solvent, and in molecular films. The n--+x* and n-trt* transitions, which are separated in transazobenzene by more than 100 nm, are no longer well distinguishable. The transition moment of the I[+IC* transition is roughly oriented parallel to ,uer As determined by Stark spectroscopy, the excitation-induced dipole moment change of this transition is Ap=4.5+0.2 D. After deposition in a Langmuir film balance on an ultrapure H20 subphase from CHCl, solution (area per molecule, A2: 40 A*), the molecules aggregate spontaneously, forming inhomogeneous films. Since the films did not sustain lateral pressure, they were only compressed until they appeared macroscopitally homogeneous (A ~25 A2 per molecule). Subsequently, they were unidirectionally deposited onto hydrophobic solid substrates by repeatedly touching the aqueous interface horizontally (LangmuirSchaefer deposition). SAXS as well as ellipsometric characterization of the samples were consistent with an average thickness per deposited layer of ~7 A; the SAXS measurements indicated a large surface roughness of the samples.
Two samples configurations were prepared which enable the application of external electric fields in different orientations: (a) 10 molecular layers were deposited on a quartz slide bearing microfabricated Cr electrodes, which interdigitate at a lateral distance of 10 l.trn, to apply a field parallel to the interface [ 51. (b) Alternatively, 13 layers were deposited on a indium-tin oxide (ITO) covered glass slide, which was precoated with 5 layers of arachidic acid; 4 layers of arachidic acid were subsequently deposited for insulation prior to evaporating z 100 A of Al as a counter electrode ("sandwich sample configuration", total thickness of the organic layer system a310 A). This configuration permits field application parallel to the film normal, 5. These electrode configurations were used to apply electric fields both for sample characterization in Stark spectroscopic experiments and for photoelectro-poling.
Stark spectroscopy has been dealt with in numerous treatises [ 6-81. The absorption change, A,4, due to an electric field at the site of the chromophore, F, depends on molecular properties of the chromophores (AC: change of the dipole moment and Arx: change of polarizability on excitation) and on their orientation with respect to F (8: angle between Fand &):
(1)
The angular brackets denote macroscopic averages Absorption spectra of molecular film samples of 1 (see fig. la ) were identical to those published earlier [ 21. Freshly prepared samples on interdigitated electrodes were not ideally isotropic within the film area. This is seen from a small but detectable linear Stark effect in fig. lb , spectrum 1. Its magnitude and sign depended on the location within the sample area where the spectrum was taken. This is an indication that the films are organized in macroscopic domains with different average orientations of their in-plane dipole moment components. over the sample, v" is the wave number, h is Plan&s
On application of an in-plane poling field under constant and c is the light velocity. Experimentally, illumination polarized along the n direction (x: unit the response of the energy spectrum, A,4, of the chrovector parallel to the interdigitating electrodes) the mophores to a sinusoidal external electric field, F,, linear Stark effect increased dramatically, despite a is revealed by phase sensitive detection of changes in concomitant decrease of the absorbance by 32%, see the transmittance of the sample. Different contrispectrum 2 in fig. 1 b (poling field: Fyd, = t 55 kV/ butions to the Stark effect are separated by harmonic cm; 5 min illumination). The quadratic Stark specdiscrimination by exploiting their distinct dependencies on Fat. It is assumed that reorientation of dye molecules due to the field modulation and contributions of higher order terms in F,, may be neglected. The evaluation of the spectra may be aggravated by intrinsic or external static electric fields, Fine or Fe,,, which lead to a linearization of the quadratic terms, i.e. to a pseudo-linear effect [7, 9] :
Absorption and Stark spectra were measured at 300 K in a spectrometer of local design [ 5 ] with amplitudes of F,z330 kV/cm or o 50 kV/cm for the sandwich and interdigitated electrode configurations, respectively, and with a modulation frequency of 1 kHz. The photo-reorientation experiments were conducted with a Xe lamp (power density within the long wavelength absorption band of the dye, 400 nm < 1~ 600 nm: 40 mW/cm', unpolarized; 18 mW/ cm2, polarized). The probing light intensity of the spectrometer was three orders of magnitude lower. A Glan polarizer was used where appropriate. trum remained almost unaffected (a decrease in magnitude by rz 15% occurred). The shape of the quadratic spectrum was proportional to the derivative of the linear spectrum, as predicted by eq. ( I ) if the second term is small compared to the third.
This suggests that the Stark spectra are dominated by the interaction of FaF,, with A/I. A subsequent illumination (25 min) with light polarized alongy and without a poling field led to a decay of the linear Stark effect (spectrum 3 in fig. lb ) while its sign was maintained. Further illumination ( 15 min) polarized along n under F{, = -55 kV/cm led to a reversal of the linear Stark effect (spectrum 4 in fig. lb) , indicating an average orientation of the y components of the domain directors which opposes those of the former states. Fig. lb visualizes the relative changes in the lateral order parameter (cos e}, since decreases in the absorption of the sample (due to a slight tendency of the chromophores to evade towards the sample normal) have been compensated for by multiplication of the raw data with the appropriate correction factors, cf. eq.
(1).
Our interpretation of these results is that a rotational reorientation of the excited molecules occurs. The direction of this reorientation is biased by the application of the static external field during illumination. Thus electro-poling during illumination leads not only to optical anisotropy in the samples but even to macroscopic polarity of the sample in the substrate plane. Without illumination this polarity is stable on the time scale of months at room temperature.
Out-of plane field application
In sandwich samples, on illumination with polarized light (5 min) the optical density for unpolarized light decreased by z20%, independent of the application, and of the direction, of a dc poling field parallel to z (F,&= + 1.65 or -1.65 MV/cm). Similarly, changes in the Stark spectra after illumination were independent of F&. Due to the polar organization of the film, the magnitude of the linear Stark effect was larger than that of the quadratic effect by more than two orders of magnitude.
In contrast, the application of a dc poling field during illumination with unpolarized light extended a pronounced effect on the absorption and Stark spectra. This indicates a lower activation energy of in-plane reorientation, which is induced by polarized light as shown above, but is not detected in the sandwich sample geometry, than that of out-of-plane reorientation, which is driven with a significant efficiency only by unpolarized light. On illumination (5 min) under a field F& = + 2.55 MV/cm with respect to the IT0 electrode, a decrease in absorbance by x 35% was observed, whereas at F& = -2.55 MV/cm a drop by z 75% occurred. As in fig. lb , the linear Stark spectra, fig. 2 , are corrected for these decreases to enable direct comparison of the order parameters.
The increase of the corrected Stark spectrum on photoelectro-poling under F& > 0 indicates that the macroscopic polar order of the films has been increased, compare spectra 1 and 2 in fig. 2 . If the direction of the poling field is parallel to the polar order of the freshly prepared (F 2, c 0 j, which leads to spectrum 3 in fig. 2 , the situation is more complicated: It has been shown that reorientation of dipolar molecules in LB films generally leads to a change in the static electric field, Fint, within the sample [ lo]. This is responsible for the very different changes in the linear Stark spectra, both in shape and amplitude, on poling with F&> 0 or F& rc 0. Specifically the latter leads to the formation of an internal field which augments the negative poling field and, at the same time, contributes a component to the spectrum, that originates from the quadratic effect, cf. eq. (2). This pseudo-linear contribution is small compared to the linear contribution from the intrinsic Stark effect in the case of the ordered polar structure, but large after reorientation under FL ~0 (note that spectrum 3 in fig. 2 has been multiplied by ~3.8 to compensate for a reduction in optical density by 74Oh!). In the latter case, molecules which reorient into the direction of the poling field must cross the direction of the electric field vector of the illumination. Consequently, a large portion of the molecules misalign with respect to the poling field direction, resulting in a small intrinsic Stark effect but a large reduction in optical density. Fin, can be estimated from a comparison of the linear and quadratic (data not shown) Stark spectra of the sample poled with F& < 0: At a wave number, 50 ~22150 cm-', where Uii,=O in the native sample, the intrinsic linear effect vanishes, and the quadratic effect is exclusively determined by the interaction of Fa, with Ap, see eq. ( 1). Evaluation of eq. (2) after separation of the linear and quadratic contributions then leads to ( z 10 MV/cm after poling with F& < 0) .
The difference between two linear Stark spectra of the poled sample measured under the influence of different external dc fields, Fe,, (data not shown), is used to determine the pseudo-linear contribution of Fin, to the spectrum, cf. fig. 3 : Subtraction of this contribution (spectrum 2) from the original Stark spectrum ( I ) yields the intrinsic linear spectrum (3) . A comparison with the Stark effect of the sample prior to poling, spectrum 1 in fig. 2 , indicates that the initial polarity of the film structure has been inverted in the reorganization.
Simulation
The absorption changes in illumination with intense light have been attributed to a collective reorientation of two-dimensional domains of the molecules, with a rotation of their directors away from the electric field vector of the excitation light [ 
21.
The net result after a large number of excitations is a depletion of transition moments parallel to the field vector of the exciting light, and the change in molecular orientation is indeterminate, so that the final orientation distribution is symmetric around the depleted direction. This symmetry is broken by the external field. The surprising observation that an interaction energy of the field with an individual molecule, F*pg--1 meV, much lower than the thermal energy is sufficient to control the reorientation process is another indication of its collective character.
Based on this model, we have simulated the influence of an external electric field on the reorientation of molecules within one macroscopic domain. In a spherical coordinate system (9, a) these molecules populate 2Nx N states on a discrete angular lattice [3, 4] 
in a potential

W=A2S2(jsin2t,u-l)-A,S, cosw
w is the angle between the long axis of a molecule and the domain director. The unpolar orientational part of the interaction energy has the form of a nematic Maier-Saupe potential with an order parameter S,= 4 < 3 cos2yl-1> . The second contribution accounts for the polarity of the sample with a characteristic interaction energy A, and a polar order parameter S, = (cos w). The third and fourth terms describe the dipole interactions with the polarization 312 field (P,: polarization of the domain) and the external field F,,,.
A discrete reorientation step, either thermally or optically induced, has a probability P to drive a molecule into a state (B, q) which depends on W:
where W,= -A&-A,S, +~P,/~o+~e,~Floc is the ground state energy (e,: unit vector of the director orientation, co: normalization constant). Thermal equilibrium is defined by a balance of fluxes into and form (0, p). Hence the normalized population density of the state, f( 6, p), is constant in time:
B= 1 /r is the relaxation rate to thermal equilibrium. Illumination polarized along (n/2, 0) destroys this equilibrium and establishes a net anisotropic flux
G= f( 19', q' ) sin38' cos*@ dr9' dyl'
and K=nu is the product of photon flux and absorption cross section of the chromophore.
Results of a simulation of in-plane reorientation are shown in fig. 4 . Both the light polarization and field were parallel to the substrate and perpendicular to each other. The power density was Q=nhc=5 mW/cm2. F& = i: lo6 V/cm; pEr=3 D; g= 10-i' cm'; N=72. The magnitudes of Az=0.16 eV and Al ~0.3 eV were chosen so that a domain was thermally stable at T= 300 K. The value 'I= 60 s is the experimentally observed relaxation time to thermal equilibrium from a new director orientation when the illumination is turned off [ 11. The orientation distribution of the domain in thermal equilibrium with its initial director orientation at (8, p) = (75", lo'), fig. 4a , has its director at (57.5", 87.5") after 450 s of irradiation attracted by ma1 (leading to only a slight decrease in absorbance) is found. In contrast, if attracted by Fjc ~0 ( (pF = -90" ) from the same initial situation, the molecular orientations evade collectively toward the film normal ( fig. 4c ; director at (lo", 10') at t=450 s), thus avoiding the direction of the light polarization at (90", 0" ), before they are redirected toward the poling field ( fig. 4d ; director at ( 5 ', -87.5' ) at t= 1, 100 s).
Discussion
The results of the simulation reflect many of the experimental observations quantitatively or qualitatively, while all parameters are either directly derived from the experimental situation or correspond to typical interaction coefficients: The simulations show that a minimum value of the potential A, ~0.3 eV is required to stabilize a parallel alignment of neighboring dipoles over an anti-parallel alignment. This value corresponds roughly to the energy of one hydrogen bond. Structurally, a molecule of 1 may form three hydrogen bonds to its nearest neighbors in a parallel alignment, whereas only two can be formed if the chromophores align anti-parallel. In this context it is interesting to note that photo-reorientation was not observed in experiments with azobenzenes on which the amine substituent has been replaced by an oxygen.
The minimal interaction energy necessary to control the reorientation process in the simulation was found to be F-pBr? 0.5 meV (slightly dependent on the initial director orientation with respect to light polarization). This is three orders of magnitude smaller than the potentials between the interacting chromophores and is in quantitative accord with the experimental observations. Finally, the observation that the domain director avoids crossing the polarization direction of the illumination (compare figs. 4b and 4c) resembles the experimental situation, where a pronounced asymmetry in the temporal evolution of the optical properties has been observed on switching the polarity of the poling field on a sandwich sample, see fig. 2 . A quantitative comparison of the order parameters in experiments and simulation, however, is currently not feasible, since the results from the simulation refer to one domain of molecules (and depend on the initial director orientation), whereas the spectroscopic result is a macroscopic average.
It is, at point, difficult to decide whether or not trans-cis-trans isomerizations are instrumental in inducing rotations of the chromophores. In the discussion of photo-orientation in polymeric and in liquid-crystalline samples, isomerization reactions are generally held responsible for the observed reorganization phenomena [ 1 l-151. On the other hand, it has been shown that the trans-cis isomerization is effectively suppressed in Langmuir films if the chromophores are organized in closely packed aggregates [ 161. AFM as well as electron diffraction experiments indicate that the chromophores are indeed organized in highly ordered molecular aggregates in our samples [ 171. We emphasize that the simple assumption of thermalization of the excitation energy is sufficient to explain our experimental results. Our model for the collective reorientation does not depend on the nature of the primary photoprocess which leads to the rotational reorganization. We will address the question about the molecular mechanism and the role of isomerization reactions in the process in future work.
The correspondence of the simulated results with the experimental observations demonstrates that we are well on our way to comprehend the reorientation process on a molecular level. Thus a controlled manipulation of stable, macroscopically polar solid state structures in the form of molecularly well-defined films for advanced applications seems feasible.
